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ABSTRACT
The design of an active stability control system for two-
wheeled vehicles is a fully open problem and it constitutes a
challenging task due to the complexity of two-wheeled vehicles
dynamics and the strong interaction between the vehicle and the
driver. This paper describes and compares two different meth-
ods, a model-based and a data-driven approach, to tune a Multi-
Input-Multi-Output controller which allows to enhance the safety
while guaranteeing a good driving feeling. The two strategies are
tested on a multibody motorcycle simulator on challenging ma-
neuvers such as kick-back and strong braking while cornering at
high speed.
INTRODUCTION AND MOTIVATION
It is well known that electronic stability control (ESC) is
common in most commercial cars. Several solutions to electronic
stability control in four-wheel vehicles have been proposed in the
literature (see e.g., [1]) to improve passengers’ safety. Generally,
suitable yaw moments are generated by the chassis stability con-
trollers to actively modify the vehicle dynamics and restore the
vehicle stability during dangerous maneuvers.
In two-wheeled vehicle, instead, electronic control systems
are being developed with a significant time delay. This is due
to many factors, e.g., dealing with motorcycle dynamics is more
subtle than it is for four-wheeled vehicles (see [2]).
Some preliminary results have been obtained in the scien-
tific literature to address the control of two-wheeled vehicles.
The problem of designing a traction control system is address
in [3], while in [4] an ABS system which can handle braking on
curves has been proposed, respectively. Moreover, in [5] it has
been shown that a semi-active steering damper can improve the
maneuverability of two-wheeled vehicles, by damping the weave
and wobble modes.
In two-wheeled vehicles it is nearly impossible to directly
employ yaw or vehicle sideslip control, which are solutions used
in ESC systems for four-wheeled vehicles, for the coupling be-
tween in-plane and out-of-plane modes when moving on curves.
In [6], a preliminary study on this subject was proposed, inves-
tigating which are the most suitable controlled variables to be
considered. Moreover, a preliminary control architecture for sta-
bility control was provided. Such a control system, however,
while yielding promising result from the stability point of view,
yet did not ensure compliance with the rider’s intention in terms
of longitudinal acceleration. In [7], a Multi-Input-Multi-Output
(MIMO) control architecture has been proposed to control both
the roll rate and the longitudinal acceleration of the motorcy-
cle, thus providing satisfying performance. For the design pur-
pose, it is assumed that the motorcycle is equipped with ride-by-
wire functionalities, i.e., a controlled electronic throttle and an
electronically-actuated braking system which independently acts
on the front and rear brakes. Furthermore, the actuator dynam-
ics, modeled with a 10Hz bandwidth first order filter, is explicitly
considered in the controller design. The driver is still and con-
trols the bike acting on the handlebars; a bandwidth of 0.5 Hz
has been considered for the driver.
When only restricted complexity controller are available
(e.g. limited hardware resources), the method in [7] is no longer
suited for the present control problem. Then, the practitioner can
refer to standard model-based or direct data-driven approaches
to deal with this additional constraint. This paper proposes two
different tuning methods to design the restricted complexity
controller: a model-based loop-shaping approach and a direct
data-driven approach. The designed controllers have low order
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and they can be implemented also on a real electronic control
unit commonly installed on production motorcycles.
The paper is organized as follows: first, the tuning meth-
ods are proposed; then several simulation tests that evaluate the
controllers effectiveness during challenging maneuvers are dis-
cussed, considering both noiseless and noisy settings. The simu-
lations have been carried out via BikesimTM, a multibody motor-
cycle simulator. The paper ends with some concluding remarks
and an outlook on future research.
STABILITY CONTROL SYSTEMS DESIGN
A motorcycle stability control system must first of all pre-
vent falls. Thus, the most natural controlled variables are the roll
rate and the longitudinal acceleration: namely, forcing a zero
roll rate the overall stability of the vehicle is improved and con-
trolling the longitudinal acceleration allows to comply with the
driver’s intention.
In this work a MIMO controller architecture has been devised.
The architecture of the stability control system is depicted in Fig-
ure 1. As can be seen, the control variables u f and ur are added to
the driver’s front and rear braking (T ◦b, f and T
◦
b,r, negative torque)
and traction (T ◦t , positive torque) requests. Moreover, to comply
with the driver’s intention, a suitable longitudinal acceleration
set-point a◦x must be selected. As in [7], this set-point has been
scheduled on the driver’s braking and traction requests as





The parameters α, β, γ and δ can be identified solving a sim-
ple least square fitting problem. Therefore, open loop tests have
been performed to evaluate the longitudinal acceleration due to a
variation of the front and rear wheel torque and parameters have
been suitably tuned. In the following, two different approaches
for control design (based on the above architecture) will be inves-
tigated: a model-based loop shaping controller and a controller
directly tuned from open-loop data.
Model-based controller
The preliminary step to be performed in order to design a
model-based stability controller is that of investigating the dy-
namic behavior of the motorcycle. Deriving a first-principle
control-oriented model of two-wheeled vehicle when moving on
curve under acceleration and braking is a difficult task. Thus, a
black-box model has been identified using BikesimTM, a full-
fledged multibody simulator based on the AutoSim symbolic
multi-body software. The identification tests have been per-
formed in open-loop, i.e. without any rider intervention and with
the needed steering torque provided in open-loop.
Steady-state cornering conditions have been simulated, with
speed v = 130 km/h and roll angle ϕ = 30◦ and pseudo-random
binary signals (PRBS) have been applied separately to the front
Figure 1. Block diagram of the closed-loop system regulated by the
MIMO controller.
and rear wheel torques. As the front wheel torque can be only
negative, for the front wheel the PRBS has been applied around
a constant negative torque of -20 Nm, while for the rear wheel
it has been applied around zero. Starting from the measurement
of the front and rear wheel torques (input) and roll rate and lon-
gitudinal acceleration (outputs), a discrete MIMO linear time-
invariant model has been identified using subspace methods, [8].
The model order has been selected by computing the Hankel sin-
gular values of the dynamic matrix of the identified model. At
the end of the identification procedure, a 14th order model has
been identified. The model has been validated using as input a
frequency sweep signal ranging from 0 to 20 Hz, applied sepa-
rately both to the front and rear wheel torques. In Figure 2, the
magnitude and phase Bode diagram of the frequency responses
from front and rear wheel torque to roll rate and longitudinal ac-
celeration are depicted. By inspecting this figure the following
considerations can be drawn.
- The front wheel torque has a greater influence on the roll
rate than the rear wheel one.
- The front and rear wheel torque have a similar authority on
the longitudinal acceleration.
- The main modes of vibration of the motorcycle are clearly
visible. The weave mode is around 3 Hz and it is slightly
damped (ξ = 0.12), as the motorcycle is driven at high
speed; the natural frequency of the wobble mode is around
12 Hz and the damping of this mode (ξ = 0.18) is higher
than the damping of the weave one. At intermediate fre-
quency, the pitch and the rear hop are more damped than the
other modes of vibration.
Once the control-oriented model has been identified, the
MIMO controller can be designed using the loop shaping pro-
cedure. With such an approach, closed-loop objectives are spec-
ified in terms of requirements on the singular values of the loop
transfer function, see for example. According to the previous
2 Copyright © 2011 by ASME



























































































Figure 2. Bode diagrams of the frequency responses from front torque
to roll rate (top-left), front torque to longitudinal acceleration (bottom-left),
rear torque to roll rate (top-right) and rear torque to longitudinal accelera-
tion (bottom-right).
considerations and to the results obtained in [6], the roll rate has
been controlled acting on both the front and rear wheel torques,
while the longitudinal acceleration has been regulated acting
only on the rear wheel torque. This choice is mainly due to the
fact that the open-loop dynamics from front wheel torque to roll
rate are more favorable than those from rear wheel torque to roll
rate, and thus a larger bandwidth can be achieved. Thus, the con-
trol system first acts to recover stability and then complies with
the drivers acceleration/braking request. To select the value of
the closed-loop bandwidth the Relative Gain Array (RGA) has
been computed and the crossover frequency has been selected as
that where the RGA is close to the identity matrix.
The design yields a 14th order controller with a bandwidth of 1.5
Hz. A 14th order controller is difficult to implement on a pro-
duction electronic control unit, thus a reduced order controller
has been derived inspecting the Henkel singular values of the
dynamic matrix of the controller. At the end of the order re-
duction, a 4th order linear time-invariant controller has been ob-
tained. In Figure 3, the magnitude and phase Bode diagrams of
the full and reduced order controllers are depicted. By inspect-
ing this figure, it can be concluded that the agreement between
the full and reduced order controller in the frequency range of
interest (up to 1.5Hz) is satisfactory. It is worth noticing that
around the weave mode natural frequency the magnitude of the
frequency responses from roll rate error to front and rear control
torque of the full order controller is lower than the one of the re-
duced order controller while the phase shift is greater. Thus, the
performance guaranteed by the reduced order controller around
that frequency is worse than the one achievable with the full or-
der controller. The magnitude and phase bode diagrams of the































































































Figure 3. Bode diagrams of the frequency responses from roll rate er-
ror to front control torque (top-left), roll rate error to rear control torque
(bottom-left), longitudinal acceleration error to front control torque (top-
right) and longitudinal acceleration error to rear control torque (bottom-
right): full (solid line) and reduced (dashed line) order controller.
consideration. As expected, the influence of a variation of the
longitudinal acceleration set-point and roll rate set point on the
roll rate and longitudinal acceleration is greater when the reduced
order controller is implemented. Moreover, a variation of the roll
rate set point induces an oscillation at the weave mode natural
frequency. This is not critical from the stability point of view, as
the roll rate is regulated at zero.
Data-driven controller
Another possibility to design a controller starting from a set
of input/output data is to directly tune the controller parameters
without identifying a mathematical model of the plant. In the
following, a (linear-in-parameters) 4th order controller will be






where Bk ∈R2×2 are matrices containing the unknown controller




is the tracking error vector.
The only method that allows one to tune controller param-
eters with a single set of input/output data is the recently in-
troduced Virtual Reference Feedback Tuning for MIMO plants
(see [9]). The method is based on the Virtual Reference philos-
ophy first proposed in [10] with the name of Virtual Reference
Direct Design (VRD2) and fixed and extended in [11], [12], re-
spectively for LTI and LPV systems. The main idea is briefly
recalled next.
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Figure 4. Bode diagrams of the closed-loop frequency responses from
roll rate set-point to roll rate (top-left), roll rate set-point to longitudinal ac-
celeration (bottom-left), longitudinal acceleration set point to roll rate (top-
right) and longitudinal acceleration set point to longitudinal acceleration
(bottom-right): full (solid line) and reduced (dashed line) order controller.
Consider the unknown LTI multivariable plant G(q−1),
where q−1 denotes the backward shift operator, with nu inputs
and ny outputs. The objective of the model-reference control
problem is to design a linear, fixed-order controller K(q−1,ρ),
parameterized through ρ, for which the output complemen-
tary sensitivity function matches the user-defined stable strictly
proper reference model M(q−1). More formally, the aim is to
find the vector of parameters that minimizes the two-norm of the






where I is the (ny× ny) identity matrix. Notice that (3) is non-
convex with respect to the controller parameters ρ. A convex ap-
proximation of (3) can be found by assuming that the desired sen-
sitivity function I−M is close to the actual one (I+GK(ρ̂))−1
in the minimum ρ̂.
The above assumption and the considered structure yield the
following approximation of the model reference criterion:
J(ρ) = ‖M− (I−M)GK(ρ)‖22 (4)
Obviously, the criterion J(ρ) is a good approximation of Jmr(ρ)
only if the difference between K(ρ) and the ideal controller that
makes J(ρ) = 0 can be made small. However, if it holds, the
Virtual Reference method can be applied as follows.
Consider a “virtual” closed-loop system, where the input
and output signals are equal to u(t) and y(t) and the closed-loop
transfer function is assumed to correspond to M(q−1). From the
above loop, the so-called “virtual reference” rV (t) and “virtual
error” eV (t) signals can be computed as
rV (t) =M−1(q−1)y(t) , eV (t) = rV (t)− y(t).
The control design issue is then reduced to an identification prob-








where uL(t) = L(q−1)u(t), eL(t) = L(q−1)e(t) = L(q−1)(M−1−
I)Gu, and L is a suitable prefilters such that (5) resembles (4).
This correspondance is required when the controller that leads
the cost function to zero is not in the controller set (see [11]),
as minimizer of (5) and (4) could not coincide. Unfortunatey, in
the MIMO case, optimal filtering is unfeasible. However, in [9]
it has been proved that L =M is a feasible and effective choice.
This filter selection will be therefore employed herein.
To design the motorcycle stability controller, a first-order
reference model with 1.5 Hz bandwidth has been chosen, such
that the closed-loop system performance is comparable with the
one given by the model-based controller.
STABILITY CONTROL SYSTEMS VALIDATION
This section is devoted to the validation of the proposed con-
trol strategies. Validation is done via simulations on BikesimTM,
a multi-body motorcycle simulator. Three different maneuvers
that simulate critical conditions have been considered. The sce-
narios are designed to excite the bike from both the wheel torques
and road unevenness. The three conditions are
1. front and rear wheel torque step disturbances while corner-
ing (panic braking maneuver);
2. front and rear wheel torque step disturbances and a double
step variation of the tire/road friction coefficient while cor-
nering (µ-jump maneuver);
3. front and rear wheel torque step disturbances and a double
step variation of the road vertical profile while cornering,
this is known as the leaning kick-back test.
All the simulations are carried out at an initial constant forward
speed v= 130 km/h and 30◦ of roll angle on a counter-clockwise
steering pad. According to this reference frame, a positive roll
rate indicates that the motorcycle is leaning out of the turn.
To quantitatively compare the performance in terms of sta-
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The cost function is computed starting from the time instant
when the perturbation is applied and it penalizes both the set-
tling time and oscillations. In the following, the results achieved
in a noiseless setting are presented. At the end of this section,
the problem of measurement noise will be addressed.
Panic braking maneuver
The first test simulates a rider panic braking during a high
speed cornering. Thus, the driver closes the throttle and acts on
the front brake lever to reduce the speed. This scenario is critical
because, as the longitudinal force is increased, the lateral one is
decreased and the driver looses lateral grip and maneuverability.
In Figure 5, the time-histories of the roll rate and longitu-
dinal acceleration are depicted. A front braking torque of -100
Nm and a sudden closing of the throttle has been simulated. By













































Figure 5. Response of the roll rate (top) and longitudinal acceleration
(bottom) to a step disturbance on the front braking torque (100 Nm) with
a sudden closing of the throttle at v=130 km/h and 30◦ of roll angle.
inspecting Figure 5, the following considerations can be drawn.
- As the roll rate increases, the motorcycle tends to steer out
of the corner.
- In open-loop (i.e., the driver without any electronic con-
troller), the driver takes more than one second to stabilize
the motorcycle and weave oscillations are clearly visible
- The model-based stability controllers improve the response
of the roll rate in terms of settling time and it better damps
the weave oscillation.
- With the data-driven controller, the roll rate shows larger
weave oscillations than the open loop setting. This is due
to the fact that the data-driven controller has not only a re-
duced limited order but also a fixed structure that limits the
performance. However, the data-driven stability controller
outperforms the driver in terms of first peak attenuation and
this can be seen on the evaluation criterion depicted in Fig-
ure 7.
- The deceleration achieved by the active stability controllers
is very close to the one obtained in open-loop, so the con-
trollers do not alter the natural riding feeling in terms of lon-
gitudinal acceleration.
Figure 6 shows the time histories of the front and rear wheel
torques during such maneuver. For all the control strategies, the
overall torque variation is about -100 Nm. Both the controllers
release the front braking torque and decrease the rear wheel
torque: thus, the rear brake intervenes to follow the longitudi-
nal acceleration set-point. With the model-based controller, the
front torque saturates after 500 ms and limited weave oscillation
can be observed on the rear wheel torque. With the data-driven
one, the front wheel torque does not saturate and weave oscilla-
tion are clearly visible on both the control variables. Moreover,
after 500 ms a linear trend can be seen on both the front and rear
wheel torque.
To better appreciate the performance of the stability con-
trol algorithm, in Figure 7 the values of the cost function (6)
as a function of the front wheel braking torque amplitude are
depicted. As can be seen, the closed-loop strategies always in-
crease the stability of the motorcycle. The controller tuned with
the MIMO VRFT approach significantly increases the stability
of the motorcycle, despite its structure is fixed. Namely, an im-
provement between 20% and 27%with the data-driven controller
and between 17% and 35% with the model-based controller is
noted. For both the controller, the worst case is achieved for a
front wheel braking torque disturbance of 10Nm: in this case,
the controllers have a limited overall torque variation and they
hardly stabilize the motorcycle following the driver’s longitudi-
nal acceleration request.
µ-jump maneuver
The previous validation results addressed the performance
of the proposed control systems when the disturbance is of the
same nature of the control action. Moreover, in the previous
case only the weave mode was excited. A more challenging sce-
nario is represented by the combination of both the front and rear
wheel torque disturbances and a sudden change of the tire/road
friction coefficient, namely from µ= 0.7 to µ= 1 and then back
to µ= 0.7. Also in this case, the motorcycle is driven at a con-
stant forward speed v= 130 km/h and 30◦ of roll angle.
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Figure 6. Response of the front (left) and rear (right) wheel torques to
a step disturbance on the front braking torque (100 Nm) with a sudden
closing of the throttle at v=130 km/h and 30◦ of roll angle.






















Figure 7. Values of the cost function (6) for different front wheel braking
torque disturbances ranging from 10 to 150 Nm.
Figure 8 shows the roll rate and the longitudinal acceleration
for a front braking torque of 100 Nm and for a length of the patch
at high friction coefficient of 10 m. Inspecting the figure, two
different resonances can be noted: the high frequency oscillation
is around the wobble natural frequency, while the low frequency
oscillation is around the weave natural one. Thus, such a test
excites both the weave and wobble modes of the motorcycle.
Also in this more challenging situation the proposed con-
trol strategies are consistent in achieving the stabilization goal.
It is interesting to notice that around the time instant t = 0.4 s
the roll rate is subject to a second disturbance: this is due to the
fact that the motorcycle exits from the patch at high value fric-
tion coefficient. Analyzing the control variables, the following
considerations can be drawn.
- As soon as the front tire passes the first transition of the
tire/road friction coefficient, the roll rate decreases and the
motorcycle tends to steer in the corner, while the front brak-
ing torque tends to increase the roll angle.
- Also in this case, the driver takes more than 1 s to stabilize
the motorcycle and weave oscillation are noted.
- The MIMO controller tuned with the VRFT approach better
damps the high frequency oscillations; however the weave
mode is slightly damped.
- The MIMO controller tuned via classical loop-shaping tech-
nique achieves the best overall performance.
- Both the controllers complies with the driver’s intention in
terms of longitudinal deceleration.
Finally, to evaluate the performance of the proposed control
strategies, the cost function (6) has been calculated for different
values of the length of the patch at different tire/road friction co-
efficient, ranging from 1 to 50 m. Figure 9 plots the values of
the cost function. It is worth to notice that the data-driven con-
troller guarantees better results than the model-based controller
for higher values of the length of the patch at different friction co-
efficient. Thus, the data-driven controller is more robust than the
model-based one with respect to changes in the tire/road friction
coefficient. However, both the controllers improve the stability
of the motorcycle minimizing the roll rate: namely, an improve-
ment of the cost function between the 15% and the 32% with the
model-based controller and between the 17% and 32% with the
data-driven one is noted.
Leaning kickback test
Another interesting test is the so-called leaning kickback
test. It is well known that such a test excites both weave and
wobble resonances. This test consists of the combined action of
a step disturbances of both the front and rear wheel torques and a
double step of the height of the road position. This situation has
been simulated driving the motorcycle at a given initial speed of
v = 130 km/h and 30◦ of roll angle; then the bike passes over a
bump of height 50 mm and length 50 cm while braking.
Figure 10 plots the results of the above maneuver comparing
the roll rate and the longitudinal acceleration. Namely, a 100
Nm front braking torque disturbance with a sudden closing of
the throttle have been applied 200 ms before the bump. Once
again, the figure clearly shows that both the control systems can
stabilize the motorcycle better than the driver. In such a test,
the model-based controller better damps both the high and low
frequency oscillation, while the data-driven controller achieves
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Figure 8. Response of the roll rate (top) and longitudinal acceleration
(bottom) to a step disturbance on the front braking torque (100 Nm) with
a sudden change of the tire/road friction coefficient at v=130 km/h and
30◦ of roll angle.
intermediate performance. Moreover, the acceleration measured
in closed-loop is very close to the one obtained in open-loop.
This test confirms that both the controllers can cope with road
disturbances.
Analyzing the cost function (6) for different values of front
braking torque, an improvement between 22% and 14% is noted.
Then, the performance of the controllers is satisfactory also in
this more challenging scenario.
Measurement noise
In order to consider a more realistic scenario, measurement
noise has been added to the controlled variable. Measurement
noise is modeled as a white noise with zero mean value and stan-
dard deviation σ = 0.03 g for the longitudinal accelerometer and
σ = 0.3 deg/s for the roll gyroscope, respectively. These values
have been selected analyzing experimental data logged on an in-
strumented motorcycle. Figure 11 compares the roll rate of the
motorcycle obtained during a panic braking maneuver with the
data-driven and model-based controllers in a noisy and noiseless
setup. As expected, the performances of the proposed controllers
in the noisy and noiseless setting are basically identical. This is



















Figure 9. Values of the cost function (6) for different length of the patch
at different friction coefficient ranging from 1 to 50 m.
due to the fact that the sensors are affected by high frequency
noise, while the bandwidth of the controller is around 1.5 Hz,
then the controllers reject the measurement noise. Thus, the pro-
posed controller can cope also with realistic measurement noise.
CONCLUDING REMARKS AND OUTLOOK
In preceding research papers, it has been shown that elec-
tronic control systems can increase the stability of a motorcycle
and comply with the driver’s intention in terms of longitudinal
acceleration. In this work, restricted complexity controller tun-
ing has been dealt with in order to ease the final implementa-
tion on production ECU. More specifically, two different tun-
ing methods have been proposed and compared: a model-based
loop-shaping technique and a direct data-driven design approach.
In both the cases, the closed loop specifications have been for-
mulated in the frequency domain, such that the achieved closed
loop systems have the same bandwidth. On the other hand, the
controller tuned by the data-driven approach must be linear in
parameters whereas only the order of the model based controller
is constrained. Thus, the data-driven controller is simpler but
less flexible (i.e., the set of available controllers is smaller) than
the model-based one. However, simulation tests performed on
a multi-body motorcycle simulator show that both the proposed
control strategies enhance the stability of the vehicle.
Current research is being focused on the design of an acti-
vation and deactivation logic to ensures that the stability control
system intervenes only in the face of dangerous situations. From
theoretical point of view, further analysis of optimal design of
experiment for data-driven design is being concerned.
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Figure 10. Response of the roll rate (top) and longitudinal acceleration
(bottom) to a step disturbance on the front (100 Nm) and rear wheel
torque and a double step of the height of the road position at v=130 km/h
and 30◦ of roll angle.
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